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Abstract 
Three-dimensional (3D) porous nickel structures were fabricated via a double-template 
electrochemical deposition process. The construction of the foam structures was 
achieved by means of a hydrogen bubble dynamic template, prepared from Cu 
electrodeposition at high current densities. Subsequently, a Ni layer was 
electrodeposited on the Cu 3D template. During the nickel coating, the typical finger-
like microstructure of the Cu foam becomes denser and changes to a cauliflower 
microstructure. The hydrogen evolution reaction (HER) on these macroporous Ni 
electrodes was evaluated in 30 wt.% KOH solution by means of polarization curves and 
electrochemical impedance spectroscopy (EIS). Results demonstrate greater apparent 
activity of the developed electrodes towards HER in comparison with commercial 
smooth Ni electrode. The 3D porous Ni electrocatalyst obtained from Cu templates 
synthesized at the lowest current density and the highest electrodeposition time yielded 
the best electrochemical activity for HER. 
Keywords: 3D Ni Electrodeposits, Dynamic Template, Surface Roughness Factor, 
Electrochemical Impedance Spectroscopy.  
2 
1. Introduction 
Hydrogen is considered an ideal energy carrier that can be an alternative to fossil 
fuels. It is a clean and fully recyclable substance with a practically unlimited supply, 
and has all the criteria considered for an alternative energy source. The electrochemical 
production of hydrogen by alkaline water electrolysis is one of the most promising 
methods with great potential of using renewable energy sources. Moreover, it represents 
an environmentally friendly technology for production of high purity hydrogen [1-5]. 
However, the high energy consumption of alkaline water electrolysers retrains its large-
scale application at present. Although platinum shows the highest activity for the 
hydrogen evolution reaction (HER), new electrode materials have been investigated, 
aiming at the reduction of the cost associated with the electrocatalyst development. 
Among these materials, nickel and its alloys show a high initial electrocatalytic activity 
toward the HER [6-26]. The electrode activity can be enlarged by increasing the real 
surface area and/or the intrinsic activity of the electrode material [6]. 
One of the common ways to enlarge the real surface area is the utilization of 
Raney-type alloys from which the active component (Al, Zn) is dissolved by alkaline 
leaching. Caustic leaching of the alloy is accompanied by volume losses leading to pore 
and crack formation, yielding a highly porous catalytic nickel surface suitable for use in 
alkaline water electrolysis. Various techniques have been developed for the preparation 
of this type of electrodes, consisting in electrocodeposition of Raney-nickel powder 
with nickel [7–11], powder pressing of Raney-nickel [12–14], electrodeposition of Ni–
Zn alloys [15–18] and thermal spraying of wires or powders [19–22]. 
Marozzi and Chialvo [23] developed pure Ni electrodeposits with macropores by 
galvanic deposition at very high apparent current densities of electrodeposition (up to 
5 A cm−2) from electrolytic solutions of NiCl2 and NH4Cl. 
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Porous materials prepared from template synthesis approaches have attracted 
considerably attention recently for their prospects in fabricating devices for magnetic, 
electronic, and electrochemical applications. Based on this technology, different high 
surface area Ni catalysts for HER have been successfully fabricated by means of 
electrodeposition on templates with proper porosities and layer/thickness, made of 
liquid crystal [24], polystyrene [25], or alumina [26].  
This work describes a double-template synthesis of 3D porous Ni electrodes for 
HER. These electrodes were synthesized by nickel electrodeposition on copper foams 
obtained from hydrogen bubbles dynamic templates. The electrocatalytic performance 
of the developed electrodes for HER was evaluated in 30 wt.% KOH solution by using 
polarization curves and electrochemical impedance spectroscopy (EIS) techniques. 
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2. Experimental 
2.1 Preparation of electrodes 
The metallic coatings were deposited on an AISI 304 stainless steel substrate, 
embedded in Teflon, leaving a cross-sectional available area of 0.5 cm2. AISI 304 
stainless steel as substrate material was mainly chosen due to its good mechanical and 
corrosion resistance at relatively low cost. 
Before the electrodeposition experiments, the stainless steel substrate was 
mechanically polished with emery paper down to 4000 grit, next it was degreased for 1 
min with 25 wt.% NaOH at 90 ºC, immersed in HCl 18 wt.% during 1 min and 
anodically treated in 70 wt.% H2SO4 at 1080 A m-2 for 3 min. Then, the substrate 
surface was struck at 268 A m-2 in a Wood’s nickel solution (240 g L-1 NiCl2, 120 
mL L-1 HCl) for 5 min, in order to produce a thin, adherent deposit of nickel which 
serves as a base for the subsequent electrodeposition. Between each treatment the 
electrode was rinsed with distilled water. The formation of electroactive coatings on 
such prepared AISI 304 stainless steel substrate was done by electrodeposition, 
following the schema shown in Fig.1. First of all, it was constructed a 3D porous copper 
structure by means of electrodeposition at high current densities in an acidic bath 
(0.05 M CuSO4, 0.5 M H2SO4), and at room temperature. Since the hydrogen over-
voltage of the substrate is low to generate hydrogen gas in highly acidic media and at 
high cathodic current densities, a large number of hydrogen bubbles created on the 
substrate move towards the electrolyte/air interface during the Cu electrodeposition 
process. Thus, the metal growth towards the gas bubble is prohibited simply because 
there are no metal ions available there, leading the electrodeposition between the gas 
bubbles (Fig. 1.a). In other words, the hydrogen bubbles function as a dynamic template 
during Cu deposition. Afterwards, the Cu macroporous layer acted as a template for the 
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nickel deposition (Fig. 1.b). Nickel, electrodeposited from a modified Watts bath (1.26 
M NiSO4, 0.19 M NiCl2, 0.60 M H3BO3) at 50ºC, forms a continuous layer on the 
copper opal. The bath composition and deposition conditions of the tested electrodes are 
listed in Table 1. The structures, morphologies and compositions of the developed 
materials were examined by means of a JEOL JSM-3600 scanning electron microscope 
(SEM) coupled with an Energy Dispersive X-Ray (EDX) Spectrometer, and an 
OLYMPUS LEXT OLS3100-USS confocal laser scanning microscope. 
Electrodepositions were carried out in a one-compartment cell made of Pyrex 
glass with a Teflon cover having adequate holes to lodge the electrodes. The solution 
inside the cell had an initial volume of 50 mL. The substrate surface was placed in 
horizontal position, allowing the free release of the produced hydrogen bubbles. The 
counter electrode was a large-area platinum electrode. The reference electrode was a 
commercially available silver-silver chloride (Ag-AgCl) electrode with 3 M KCl 
solution. The experiments were accomplished by using an AUTOLAB PGSTAT302N 
potentiostat/galvanostat. 
 
2.2 Electrochemical measurements 
The developed electrodes were characterized by means of polarization curves 
and electrochemical impedance spectroscopy (EIS). All these tests were performed in 
oxygen free 30 wt.% KOH solutions which were achieved by bubbling N2 for 15 min 
before the experiments. 
Polarization curves were potentiodynamically recorded from -1.60 V vs 
Ag/AgCl (-1.40 V vs SHE) up to the equilibrium potential at a scan rate of 1 mV s-1, 
and at six different temperatures: 30, 40, 50, 60, 70 and 80 ºC. Before the tests, the 
working electrode was held at -1.60 V (vs Ag/AgCl) in the same solution in order to 
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reduce the oxide film existing on the surface electrode layer, for the time needed to 
establish reproducible polarization diagrams.  
EIS measurements were performed after obtaining the polarization curves. 
Alternating current impedance measurements were carried out at different cathodic 
overpotentials, and at the following temperatures: 30, 50, and 80 ºC. The measurements 
were made in the frequency range of 10 kHz to 3 mHz. Ten frequencies per decade 
were scanned using a sinusoidal signal of 10 mV peak-to-peak. The complex nonlinear 
least square (CNLS) fitting of the impedance data was carried out with the Zview 3.0 
software package. 
The electrochemical measurements were carried out in an electrochemical cell 
developed by the Dpto. Ingeniería Química y Nuclear of the Universitat Politècnica de 
València [27]. It is a three-electrode cell with a heating circuit to control the 
temperature. A Luggin capillary, whose tip was set at a distance of about 1 mm from the 
surface of the working electrodes, was used to minimize the variations due to jR-drop in 
the electrolyte. In this system, the developed electrodes were used as the working 
electrodes, a large-area platinum electrode was employed as counter electrode, and the 
reference electrode was the same as that used in the electrodepositon process. The 
electrochemical experiments were performed using an AUTOLAB PGSTAT302N 
potentiostat/galvanostat. 
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3. Results and discussion 
Fig. 2 shows the confocal laser scanning microscopy images of the porous 3D 
Cu-Ni layers synthesized following the electrochemical deposition conditions reported 
in both Table 1 and Fig. 1. The deposited films are characterized by a 3D foam 
structure. The origin of this unique structure is as discussed elsewhere [28] and briefly 
summarized in the experimental section. The resulting 3D copper structures are used as 
templates for generating 3D porous nickel films (Fig. 1.b). The galvanic replacement 
technique has not been used to generate the 3D nickel structure, due to the fact that 
copper is listed below nickel in the activity series, and no reaction occurs. The obtained 
copper foams are very weak, and collapse easily loosing the macroporous structure. The 
subsequent nickel electrodeposition considerably reinforces the copper electrodeposits, 
maintaining the opened foam layer. As depicted in Fig. 2, the macropore size of the 
foam increases with both the time of deposition and the decrease in the applied current 
density, i.e. the pore sizes of the material created by the hydrogen dynamic template 
increase with the distance away from the substrate, which is attributed to the 
coalescence of the hydrogen bubbles generated during the electrodeposition (see Fig. 
1.a). Fig. 2.e shows a micrograph of the cross-section of the ED-2 electrode. The 
average coating thickness of the Cu/Ni layers, determined from the digital analysis of 
the confocal laser scanning images, is 265 ± 18 µm. The walls of the copper structure 
obtained by this method (before the nickel electrodeposition) are composed of 
numerous ramified deposits which constitute some nanoparticles (~300 nm), finger-like 
structure, similar to those previously reported in literature [28,29]. Moreover, there are 
many apertures away these branches to shape a loose porous structure, possibly due to 
local turbulences of electrolyte around the newly generated copper branches during 
deposition, as a consequence of a vigorous H2 evolution [28,29]. Fig. 3 shows how the 
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microstructure of the Cu templates is modified with the subsequent Ni 
electrodeposition. Starting from the Cu template obtained at a current density of 0.5 
A cm-2 during 360 s, as depicted in Fig. 3, as the time of the subsequent Ni 
electrodeposition increases, the microstructure of the coatings changes from the finger-
like (Fig. 3.a) to the cauliflower structure (Fig. 3.b and 3.c). That is, nickel fills the gaps 
of the foam walls, making the ramified nanostructure much denser. It is important to 
control the nickel electrodeposition conditions, due to the fact that a thicker nickel layer 
blocks the macroporous structure, as it is observed in Fig. 2 for the ED-1 electrocatalyst. 
In order to ensure a complete nickel coating of the copper opal, nickel electrodeposition 
was carried out at least during 30 min at the conditions reported in Table 1. As derived 
from the chemical composition analysis, all the developed electrocatalysts shown in 
Fig. 2 present a superficial continuous nickel layer.  
The catalytic activity of the prepared layer was evaluated by means of Tafel 
linear polarization measurements in 30 wt.% KOH solution. Fig. 4 shows a set of Tafel 
curves recorded at 50 ºC on the catalyst coatings investigated. A curve performed on 
commercial smooth Ni electrode was also included to compare the obtained results. 
Overpotentials were obtained from the recorded steady-state polarization curves by 
subtracting the reversible HER potential at the given conditions (i.e. -1.14 ± 0.01 V vs 
Ag/AgCl) and for the jR-drop. The information obtained from the Tafel polarization 
data demonstrate that all the investigated catalysts are very active for the HER, showing 
a higher catalytic activity than the smooth Ni electrode. Between all the tested 3D nickel 
electrocatalysts, ED-1 has the lowest catalytic activity for HER, which is attributed to a 
more intense nickel electrodeposition (1 hour) that considerably fills the macropores, 
generating a smoother layer and, consequently, a decrease in the active surface area. On 
the other hand, between ED-2 and ED-3 electrocatalysts it can be appreciated two 
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different regions: at overpotentials less cathodic than -150 mV, ED-3 electrode 
manifests a better catalytic activity than ED-2 coating, whereas this trend is inverted at 
more cathodic potentials. The reported behaviour is directly connected with the 
superficial morphology. The macropores of ED-3 electrocatalyst are blocked by gas 
bubbles when HER is vigorous, due to their smaller size, leading to low utilization of 
the whole surface. In contrast, the higher pore size of ED-2 catalyst facilitates the fast 
transport of electroactive gas through the porous electrode, increasing the hydrogen 
production for a same applied overpotential. Therefore, from Fig. 4 it is clear that the 
higher pore size of the catalyst surface the higher electrode activity, being ED-4 the best 
overall catalyst. The Tafel curves obtained for all the developed catalysts (Fig. 4) show 
a typical Tafelian behaviour, indicating that the HER on these electrodes is a purely 
kinetically controlled reaction described by the Tafel equation [30- 32]: 
loga b jh = +  (1) 
where h (V) represents the applied overpotential, j (A cm-2) the resulting (measured) 
current density, b (V decade-1) the Tafel slope, and a (V) is the intercept related to the 
exchange current density j0 (A cm-2) through equation: 
0log)/()3.2( jFnRTa e ´= b . (2) 
and ne represents the number of electrons exchanged, F (=96,485 C mol-1) is the 
Faraday constant, and R (= 8.314 J mol-1 K-1) is the gas constant. 
  The values of the kinetic parameters determined from the polarization curves are 
reported in Table 2. The commonly accepted mechanism of hydrogen evolution consists 
of the following steps: (3) primary discharge step to produce adsorbed hydrogen 
(Volmer reaction) followed by either (4) electrochemical desorption (Heyrovsky 
reaction), or (5) chemical recombination (Tafel reaction)  
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-- +®++ OHMHeMOH ads2  (3) 
-- ++®++ OHMHeMHOH ads 22  (4) 
MHMHMH adsads 22 +®+  (5) 
where M is a free site on the metal surface and MHads is the metal surface occupied by 
hydrogen adatoms. Assuming Volmer-Heyrovsky mechanism for the HER [33,34] 
according  to equations (3)-(4) the linear part of Tafel curve at 30 ºC should yield a 
slope ca. 120 mV dec-1 when Volmer reaction is the rate determining step (rds) (140 
mV dec-1 at 80 ºC) or 40  mV dec-1 for Heyrovsky reaction as the rds (47  mV dec-1 at 
80 ºC) [33,34].  However, it has been shown that formally it is impossible to distinguish 
at which overpotential the rds changes when the slope is ca. 120 mV dec-1, due to the 
fact that this Tafel slope value is also obtained when the surface coverage by adsorbed 
hydrogen, q, tends to 1 and the rds is Heyrovsky [34]. When the Tafel slope is 30 
 mV dec-1 (35  mV dec-1 at 80 ºC) the rds is the Tafel reaction (5). 
  As it is shown in Table 2, Tafel slopes, b, obtained for all the coatings show that 
the HER proceeds via the same Volmer-Heyrovsky mechanism [34], ranging from 80 to 
120 mV dec-1, at 30 and 80 ºC, respectively. In contrast to the behaviour reported for the 
developed electrodes, the polarization curves recorded on the smooth Ni electrode (Fig. 
2) display two potential-dependent regions related to the HER. The slope decreases 
from higher values at overpotentials less cathodic than approximately - 200 mV to 
lower values at more cathodic overpotentials. The existence of two Tafel regions has 
already been reported in literature on Ni-based catalysts [32-36]. At low cathodic 
overpotentials the Tafel slopes are higher than 120 mV dec-1 at 30 ºC. 
  It is evident that the influence of temperature on the values in Table 2 is 
significant. The exchange current densities, j0, of the developed electrocatalysts increase 
with temperature, which is the expected kinetic behaviour. Moreover, as depicted in 
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Table 2, exchange current density values of the smooth Ni electrode at different 
temperatures are in the range of 0.01 and 10 µA cm-2, whereas for the developed 
coatings range between 0.01 and 10 mA cm-2, which indicates a considerable 
improvement of the apparent electrocatalytic properties of the fabricated electrodes.  
In order to better compare the electrocatalytic activity of the catalysts from the 
polarization curves, one can fix a current density value and compare the resulting 
overpotentials required to reach the given current density. This would give an indication 
on the amount of energy (overpotential) that has to be invested to produce a fixed 
amount of hydrogen, since the current is directly related to the amount of produced 
hydrogen through the Faraday’s law. Fig. 5 shows the overpotential values of the 
synthesized electrocatalysts at a fixed current density of 100 mA cm-2, h100, in 30 wt.% 
KOH solution at different temperatures. As expected, the values decrease with 
increasing temperature, indicating that the catalysis property is improved with the 
increase in temperature. From Fig. 5 it is easily shown the better catalytic behaviour of 
the developed catalysts with respect to the smooth Ni electrode, manifesting a reduction 
in the energy requirements that ranges between 25 and 70%. As derived from both 
Table 2 and Fig. 5, the highest exchange current density and the lowest h100 values are 
obtained for the ED-4 cathode, indicating that this electrode is the best overall catalyst. 
The h100 values obtained for the ED-4 electrode reveal an electrochemical activity 
higher and/or in the same order of magnitude than that previously reported by other 
authors for Raney-Ni, NiMo, NiLa, Ni/MoS2, NiP, etc. [6]. 
To ensure a complete characterization of the electrode/electrolyte interface and 
corresponding processes, EIS measurements were made at different selected 
overpotentials of the previously obtained polarization curves. Figure 6 show examples 
of EIS spectra recorded on the ED-2, and ED-4 electrocatalysts. The Nyquist 
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representation of the impedance data recorded on the ED-2 coating (Fig. 6.a.1) reveals 
the presence of two strongly overlapped semicircles (i.e. two different time constants). 
This behaviour was also observed for both ED-1 and ED-3 electrodes. With respect to 
the impedance spectra of the ED-4 electrode, it is shown that the two semicircles in the 
Nyquist plot are clearly differentiated (Fig. 6.b.1), and two maximums appear in the 
Bode representation of the phase angle as a function of frequency (Fig. 6.b.2). In all the 
cases, at the higher cathodic overpotential applied, HER is so vigorous that hydrogen 
bubbles cause too much interference, good impedance spectra cannot be obtained and 
only one deformed semicircle appears. Similar behaviour has been reported by 
Choquette et al. [9,10] and Okido et al.[37]. From Fig. 6.a.1 and 6.b.1 it is clear that the 
diameter of both semicircles in the Nyquist plots considerably diminishes with the 
cathodic overpotential for all the investigated electrodes. The same phenomenon was 
evidenced with the increase in the temperature, indicating that both time constants are 
related to the electrode kinetics [21]. 
To model the experimental data of the impedance response characterized by one 
semicircle in the Nyquist plot (i.e. recorded at highest overpotentials) it has been used 
the one time constant (1T) electric equivalent circuit (EEC) model. This model is the 
classical Randles EEC in which the double layer capacitance was replaced by a constant 
phase angle element (CPE), see Fig. 7.a [14,15]. CPE is defined in impedance 
representation as: 
[ ] 1)( -××= nCPE iQZ w  (6) 
where Q is the CPE constant, w is the angular frequency (in rad/s), i2 = -1 is the 
imaginary number, and n is the CPE exponent. 
With respect to the impedance response characterized by two semicircles in the 
Nyquist plot, according to the behaviour of the high frequency semicircle with both 
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overpotential and temperature, and following the criteria previously used in 
refs.[21,31,33,38,39], in order to derive a physical picture of the electrode/electrolyte 
interface and the processes occurring at the electrode surface, the two-time constant 
parallel (2TP) EEC model (see Fig. 7.b) has been used to fit the EIS response of the 
catalysts investigated. The 2TP model (Fig. 7.b) represents a slightly modified model, 
originally proposed by Armstrong and Henderson [40], in which the double layer 
capacitance was replaced by a CPE [21,34]. The 2TP model reflects the response of a 
HER system characterized by two semicircles (i.e. two time constants): the high 
frequency (HF) semicircle, t1 (CPE1, R1), related to the charge transfer kinetics, and the 
low frequency (LF) semicircle, t2 (CPE2, R2), related to the hydrogen adsorption 
[21,31,33,38,39]. 
Fig. 6 shows that a very good agreement between the experimental (symbols) 
and CNLS approximations (lines) data is obtained when these models are used to 
describe the EIS response of the developed catalysts. Table 3 shows the best-fit 
estimates of the different EEC parameters obtained from the impedance measurements 
of both ED-2 and ED-4 electrodes at different overpotentials and temperatures. The 
average double layer capacitances, Ci, for the catalytic coatings were determined using 
the relation suggested by Brug et al. [41]: 
ii nn
iSii RRQC
/1)1(11 ])/([ --- +=  (7) 
According to the EEC parameter values presented in Table 3, the two time 
constants, t1 (CPE1, R1) and t2 (CPE2, R2), decrease with the cathodic overpotential and 
the temperature, indicating that both semicircles are related to the kinetics of the process 
[21]. Both the C1 and the R1 decrease with cathodic overpotential for all the developed 
electrocatalysts. Hence, the first time constant, t1 or HF time constant, is related to the 
HER charge-transfer kinetics, namely to the response of double layer capacitance 
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characterized by CPE1, and HER charge transfer resistance characterized by R1. On the 
other hand, it can be distinguished two different behaviours of the second time constant, 
t2 or LF time constant, for the tested electrodes. With an increase in the cathodic 
overpotential, the value of C2 increases, while the value of R2 decreases for the ED-4 
cathode. This is a typical behaviour related to the response of hydrogen adsorbed on an 
electrode surface, namely to the hydrogen adsorption pseudocapacitance, CPE2, and 
resistance R2 [21,31,33,38,39]. In contrast, in the case of ED-1, ED-2, and ED-3 
electrocatalysts, the C2 and the R2 rapidly decrease with overpotential. Current results 
do not allow us to make a definite conclusion on the physical behaviour of the LF time 
constant, but the overpotential trend of C2, n2, and R2, and their absolute values indicate 
that the observed LF response could be related to a response of some fast transfer 
processes (most likely charge, rather than mass) in impurities (e.g. iron) deposited on 
the electrode surface, coming from trace contaminations present in even very pure 
alkaline solutions [6,42]. For all the electrodes, at more negative overpotential the 
semicircle related to the adsorption relaxation apparently completely disappears and 
only the semicircle related to the charge transfer remain observable. This is due to the 
fact that the adsorption process is facilitated and the charge-transfer process dominates 
the impedance response as the potential increases. Hence, HER is controlled by 
Heyrovsky step [42-44].  
Besides the information on the kinetics of the HER, EIS results can be also used 
to estimate the real surface area of electrocatalytic coatings. This is important since by 
knowing the real electrochemically active area of the catalyst, it is possible to conclude 
on the intrinsic activity of the material in the HER, by subtracting for the surface area 
effect. Considering a value of 20 µF cm-2 for the double layer capacitance, Cdl, of a 
smooth nickel surface, used earlier in the literature [35,38], the real active surface area, 
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in terms of surface roughness factor (Rf), may be estimated by comparing the Cdl related 
to the HER charge-tranfer kinetics (C1) of porous/rough and smooth electrodes [43]. 
The plots of the electrode Rf as function of the HER overpotential are displayed in 
Fig. 8. As it is clear from Fig. 8, the values of Rf decrease when increasing the cathodic 
potential. This indicates that a fraction of the inner surface of the electrode is blocked 
during HER due to gas bubbles shielding, and hence not electrochemically accessed by 
the electrolyte [22,24,46-48]. The Rf values obtained for the developed electrodes at all 
the investigated conditions are collected in Table 4. ED-1 electrocatalyst presents the 
lower Rf values, which is explained due to the pore filler caused by the thicker Ni 
coating. On the other hand, the higher Rf values are obtained for the ED-4 catalyst, as a 
consequence of a higher pore size (see Fig.2) that allows a better access of the 
electrolyte to the surface and an easier hydrogen bubble release from the electrode. 
From Fig. 8 it is also derived that, although the ED-3 electrode shows a higher 
percentage of pores than the ED-2 electrode (see Fig.2), those pores are not completely 
contributing to the electrochemical active surface area of the electrode. This 
phenomenon is also explained in terms of the pore size: the smaller pores are blocked 
by the generated hydrogen bubbles and, therefore, not accessed by the electrolyte. Rf 
values obtained for our best electrode (ED-4) are ca. 103, higher and/or comparable to 
those reported for porous nickel electrodes obtained by galvanic deposition at very high 
current densities [49], as well as those reported for Raney Ni-Zn electrodeposited [15], 
Raney Ni-Zn pressed powder electrodes [14], and thermal arc sprayed skeleton nickel 
electrodes [22].  The agreement between the EIS study and the polarization study let us 
conclude that the improvement in the catalytic activity of the developed electrodes is 
mainly attributed to increase in the active surface area. 
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4. Conclusions 
Three-dimensional foam Ni structures were successfully created by a double-
template electrochemical procedure: Ni was electrodeposited on a macroporous Cu 
opal, previously obtained from a hydrogen bubble dynamic template generated by 
electrochemical deposition processes. The typical finger-like microstructure of the Cu 
template pore walls is turned into a cauliflower microstructure, after the Ni coating. The 
hydrogen evolution reaction (HER) on these electrodes was assessed by polarization 
curves and electrochemical impedance spectroscopy (EIS). This research allowed us to 
enhance that: 
1. The investigated catalysts manifest greater apparent activity towards HER in 
comparison with commercial smooth Ni electrode, obtaining for the best 
overall catalyst (ED-4) exchange current densities three magnitude orders 
higher than that reported for the commercial smooth Ni electrode.  
2. An excessive Ni coating on the copper template diminishes the active surface 
area of the electrodes, decreasing the catalytic activity of the electrode. 
3. Copper opals obtained at lower current densities and higher deposition times 
(ED-4) lead to 3D Ni catalysts with a higher pore size. The higher the pore 
sizes of the macroporous catalyst, the higher the electrode activity. 
4.  The HER on the developed electrocatalysts is controlled by the Volmer-
Heyrovsky mechanism. 
5. From both linear Tafel polarization curves and EIS it is derived that the 
increase in the catalytic activity of the developed electrodes is mainly 
attributed to an increase in the electrochemical active surface area. 
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Table 1. Bath compositions and operating conditions used in the electrodeposition of 
electrocatalytic coatings on an AISI 304 stainless steel substrate. 
Catalyst 
Cu Template formation Ni Electrodeposition 
Bath Composition / M Bath Composition  / M 
  CuSO4 
  H2SO4 
 0.05 
 0.50 
   NiSO4 
   NiCl2 




i / A cm-2 Time / s i / A cm-2 Time / s  
ED-1 0.5 360 0.05 3600 
ED-2 0.5 360 0.05 1800 
ED-3 1.0 180 0.05 1800 
ED-4 0.2 450 0.05 1800 




ED-2       
 b (mV dec-1) 83.8 88.0 92.4 101.7 114.8 123.2 
 i0 (mA cm-2) 0.04 0.08 0.08 0.10 0.22 0.39 
ED-3       
 b (mV dec-1) 87.3 102.9 108.6 126.9 130.9 136 
 i0 (mA cm-2) 0.05 0.15 0.15 0.29 0.36 0.49 
ED-4       
 b (mV dec-1) 102.5 105.0 108.9 110.5 112.3 115.9 
 i0 (mA cm-2) 2.64 3.76 4.37 4.89 6.86 8.50 
        
        
Table 2. Kinetic parameters of the HER obtained from the polarization curves recorded 
in 30 wt.% KOH solution at different temperatures. 
Catalyst Temperature (ºC) 
  30 40 50 60 70 80 
Smooth Ni       
 blh (mV dec-1) 255.7 235.6 240.3 223.6 256.3 249.8 
 bhh (mV dec-1) 97.9 103.7 107.5 122.8 137.3 171.4 
 i0 (µA cm-2) 0.07 0.16 0.44 0.92 2.00 4.77 
ED-1       
 b (mV dec-1) 90.5 103.8 108.1 108.2 108.3 111.6 
 i0 (mA cm-2) 0.01 0.04 0.05 0.08 0.14 0.18 
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Table 3. EEC parameters obtained by fitting EIS experimental spectra recorded at various overpotentials 
and temperatures in 30 wt.% KOH solution on the investigated electrocatalytic coatings. 
Catalyst 
Temperature / ºC 
30 80 
ED-2   
h  / mV 0 -35 -125 -220 0 -73 -170 -235 
c2 9.45·10-4 7.91·10-4 7.93·10-4 6.00·10-4 3.20·10-4 6.33·10-4 5.79·10-4 8.87·10-4 
RS / W cm2 0.56 ± 0.02 0.56 ± 0.02 0.57 ± 0.01 0.57 ±0.01 0.31 ± 0.01 0.31 ± 0.01 0.32 ± 0.02 0.33 ± 0.01 
R1 / W cm2 278.9 ± 9.3 169.1 ± 7.4 21.2 ± 5.1 1.6 ± 0.5 24.2 ± 3.2 24.0 ± 1.2 7.6 ± 0.7 1.0 ± 0.1 
R2 / W cm2 1506.0 ± 22.4 244.4 ± 8.3 - - 616.0 ± 18.1 41.1 ± 5.4 - - 
Q1 / mW-1 cm-2 sn 5.67 ± 0.95 3.81 ± 0.62 2.55 ± 0.60 2.46 ± 0.33 7.85 ± 1.12 3.52 ± 0.87 2.69 ± 0.55 2.31 ± 0.30 
n1 0.95 ± 0.02 0.97 ± 0.01 0.97 ± 0.01 0.96 ± 0.02 0.92 ± 0.03 0.97 ± 0.01 0.97 ± 0.01 0.99 ± 0.01 
C1 / mF cm-2  * 4.20 ± 1.21 3.21 ± 0.72 2.15 ± 0.63 1.89 ± 0.34 4.56 ± 1.14 2.79 ± 0.88 2.11 ± 0.57 2.14 ± 0.32 
Q2 / mW-1 cm-2 sn 9.91 ± 1.55 12.59 ± 2.17 - - 46.0 ± 7.3 19.8 ± 1.7 - - 
n2 0.57 ± 0.07 0.50 ± 0.06 - - 0.51 ± 0.02 0.37 ± 0.05 - - 
C2  / mF cm-2  * 19.0 ± 1.7 15.9 ± 2.0 - - 49.6 ± 7.6 2.7 ± 1.8 - - 
t1 / s # 1.2·100 5.4·10-1 4.6·10-2 3.0·10-3 1.1·10-1 6.7·10-2 1.6·10-2 2.1·10-3 
t2 / s # 28.6·100 3.9·100 - - 30.6·100 1.1·10-1 - - 
         
ED-4   
h  / mV 0 -30 -50 -105 0 -30 -50 -116 
c2 9.77·10-4 1.16·10-3 7.47·10-4 1.85·10-3 1.01·10-3 5.73·10-4 4.94·10-4 9.93·10-4 
RS / W cm2 0.61 ± 0.02 0.58 ± 0.02 0.57 ± 0.02 0.57 ± 0.02 0.34 ± 0.02 0.34 ± 0.01 0.33 ± 0.01 0.34 ± 0.01 
R1 / W cm2 5.87 ± 0.85 4.11 ± 0.45 3.55 ± 0.31 1.36 ± 0.09 2.46 ± 0.25 4.40 ± 0.33 6.97 ± 1.13 3.20 ± 0.27 
R2 / W cm2 147.1 ± 11.2 2.4 ± 0.5 1.3 ± 0.2 - 199.7 ± 31.4 10.9 ± 2.1 3.3 ± 0.9 - 
Q1 / mW-1 cm-2 sn 30.4 ± 5.4 21.5 ± 4.3 18.5 ± 2.0 15.0 ± 1.5 23.2 ± 2.2 14.1 ± 1.8 11.4 ± 1.9 8.9 ± 1.5 
n1 0.93 ± 0.01 0.93 ± 0.01 0.93 ± 0.01 0.91 ± 0.02 0.91 ± 0.01 0.94 ± 0.02 0.93 ± 0.02 0.95 ± 0.01 
C1 / mF cm-2  * 22.6 ± 5.5 15.3 ± 4.3 12.7 ± 2.2 9.1 ± 1.5 14.5 ± 3.2 10.1 ± 2.2 7.6 ± 1.0 6.5 ± 1.1 
Q2 / W-1 cm-2 sn 3.69 ± 1.10 7.19 ± 1.50 8.38 ± 1.51 - 2.60 ± 0.94 1.67 ± 0.49 3.86 ± 0.21 - 
n2 0.85 ± 0.03 0.89 ± 0.02 0.86 ± 0.02 - 0.86 ± 0.02 0.65 ± 0.01 0.96 ± 0.01 - 
C2  / F cm-2  * 6.29 ± 1.67 9.79 ± 1.84 11.71 ± 1.52 - 3.58 ± 1.20 4.13 ± 0.51 4.22 ± 0.31 - 
t1 / s # 1.3·10-1 6.3·10-2 4.5·10-2 1.2·10-2 3.6·10-2 4.4·10-2 5.3·10-2 2.1·10-2 
t2 / s # 9.3·102 2.3·101 1.5·101 - 7.1·102 4.5·101 1.4·101 - 
 
* Calculated using Eq. (7) 
# Calculated from the best-fit estimates of EEC parameters. 
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Table 4. Surface roughness factors, Rf, determined from the EIS study on the 
investigated electrocatalytic coatings at 30 wt.% KOH solution. 
Catalyst 
Temperature / ºC 
30 50 80 
ED-1 h  / mV 0 - 205 - 301 - 0 - 72 - 151 - 247 0 - 154 - 242 - 
Rf 36 15 14 - 26 23 14 12 22 11 9 - 
ED-2 h  / mV 
0 -35 -125 -220 0 - 54 - 151 - 236 0 -73 -170 -235 
Rf 210 161 107 94 239 163 120 108 228 139 106 107 
ED-3 h  / mV 0 - 145 - 232 - 0 - 45 - 131 - 226 0 162 252 - 
Rf 104 57 50 - 159 121 72 59 180 60 56 - 
ED-4 h  / mV 
0 - 30 - 50 - 105 0 - 32 - 49 - 104 0 -30 -50 -116 
Rf 1128 764 636 457 1034 664 575 410 725 497 378 325 












Ni deposit  
Figure 1. Simplified description of the formation process of the 3D macroporous 
electrodes. A serie of gas bubbles, evolved at different locations on the substrate, acts as 
a dynamic template during the course of copper growth (a). After the copper 3D deposit 
is obtained it is used as a template for the Ni electrodeposition (b). 
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Figure 2. Confocal laser scanning micrographs of the 3D Cu structures after the Ni electrodeposition as-deposited: a. ED-1, b. ED-2, c. ED-3, 
d. ED-4 electrode, and e. Cross-section of the ED-2 electrode.
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Figure  3.  SEM images of the evolution of the electrode microstructure during the Ni 
coating on the Cu template obtained at 0.5 A cm-2 and 360 s, after different Ni 
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Figure 4.  Linear Tafel polarization curves recorded on the different developed 
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Figure 5.  Comparison of the electrocatalytic activity of the developed electrocatalysts 
in terms of the overpotential needed for a fixed hydrogen production rate determined by 
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Figure 6. Impedance data obtained in 30 wt. % KOH solution at 30 ºC for: a. ED-2 
catalyst: a.1 Nyquist representation, a.2 Bode representation of the phase angle as a 
function of frequency; and b. ED-4 catalyst: b.1 Nyquist representation, b.2 Bode 
representation of the phase angle as a function of frequency. Symbols are the 











Element Freedom Value Error Error %
Rs Free(+) 0.82269 N/A N/A
CPE1-t1 Free(+) 0.21539 N/A N/A
CPE1-p1 Free(+) 0.97086 N/A N/A
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C1 Fixed(X) 3.95 N/A N/A
R2 Free(+) 0.011996 N/A N/A
Data File:
Circuit Model File: C:\Documents and Settings\Isaac\Escritorio\ED09_8_amodelo_30ºC.mdl
Mode: Run Fitting / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
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Figure 7. EEC models used to explain the EIS response of the HER on the developed 



















Figure 8. Surface roughness factor, Rf, as a function of the overpotential for the 
developed electrodes in 30 % wt. KOH solution at 50 ºC. 
 
